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ABSTRACT 


Opt-i cal beat, i nberf" er en.ce occur i ng i n a Subcar r i er Mul t-i pi exi ng 
system using many optical carriers is analysed. For the case 
aT intensity modulation af optical sources, interference noise’s 
power spectrum is derived. Ef f ect of laser line shape, line width, 
number of modes are studied. To study the effect of uncertainty of 
wavelength on performance of system, analytical approach is 
adopted for the cases of S single mode and B multimode laser. 
Simulation strategy is adopted for the more complex case of system 
having many multi longitudinal mode semi conductor lasers. 
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CHAPTER 1 


INTRODUCTION 

The objective of any communication system is the transfer c 
information from one point to another. The information transfer i 
accomplished in most cases by modulating the information onto 
carrier and subsequent transmisi^lon and demodulation. Ari optica 
communication channel uses carriers whose frequency is sever a 
orders of magnitude higher than their radio_frequeney or MLcrowav 
counterparts. This increases the available transmission bandwidt 
and hence the information capacity of the channel. 

The major application area for lightwave technology is multi pi 
access systems which include local and metropolitan area netv^arks 
There are two methods of providing multiple access to the san 
space channel according to their operational description in eithe 
time or si^ectral domain. The methods are 

Time Division Multiple Access CTCMMA3 
l^:>ectral Division Multiple Access CSDMA3 
In the following paragraphs suitability of these methods ar 
discussed. 
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Unlike in the case . of v^i deband links. in multiple access 
systems, each user generally requires only a small fraction of 
total data throughput. In TDMA this fraction is time division 
multiplexed into a high bit rate data stream and hence the 
difference with wideband links is not taken into advantage. Each 
receiver has to receive all the transmitted data and select 
appropriate bits. This requires high speed demultiplexers and 
wideband receivers. As receiver sensitivity decreases with 
increasing bandwidth TDMA systems are often limited to low data 
throughput rates or a small number of users. 

SDMAi 

This is an alternative way of bandwidth utilisation in which 
the op>erations are done in spectal domain rather than in the time 
domain. SIMfA can be i nqpil emented in two ways: 

ID Optical Frequency Division Multiplexing COFIMO 

SO Subcarrier Multiplexing CSCMD 
CM^EMi 

In these systems the multiplexing and demultiplexing/^channel 
selection functions are carried out in the optical domain. It is 
required that the radiation generated should be strictly single 
mode. Temperature stabilisation and wavelength control are needed. 
This generally Involves sophisticated coherent lightwave 


a 


t<echnol ogi es . ’niis mode of i mpl ei»ftrit,at»l on is not- very 

eost_ef f eetl ve at present. 

SCMi 

This is a two stage modulation scheme » in which the message 
signals in some suitable manner modulate intermediate carriers 
called Bubcarriers. The composite signal is used to modulate the 
main carrier. 

The block diagram of an SCM lightwave system is shown in the 
following figure. 




figCi:>. A SCM Lightwave system 
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A large no. ► of modulated microwave carrier Trequencies are 
combined in a microwave power combiner and eomf>osite signal is 
used to modulate the intensity of a Semiconductor laser. The 
Intensity modulated signal is transmitted over a single mode fibre 
and directly detected with a wideband InGaAs PIN photodiode. The 
desired narrowband channel has to be amplified and demodulated 
using conventional microwave techniques. The receiver photocurrent 
can be amplified with either a wideband low noise amplifier or a 
wideband PIN-FET Receiver. 

For a subscriber distribution system, where only a single 
channel needs to be selected for demodulation a tunable local 
oscillator mixer and narrowband filter can be used to select 
simultaneously desired SCM channel and down convert into a more 
cnonvenient intermediate frequency. The IF signal is then passed 
to an appropriate demodulator, which recovers baseband signal. 
Advantages of SSCMi 

ID Wideband amplification and high sp>€ped demultiplexing are not 
required and the receiver sensitivity is determined by the 
bandwidth of one channel only. Resulting increase in sensitivity 
can increase number of allowed users. 

2D ^lectral characteristics of each soruce are unlmp>ortant so 
that multimode lasers can be used. Temperature stabilisation or 
wavelength control is not needed. 
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33 Th® n«xibillt.y In alloca'tion of bandwidth and Indlfforenee 
to the. choice of modulation format makes SCM very attractive for 
broadband applications where services may originate from a variety 
of different service provider each prefferlng a different 
modulation format and requiring different signal bandwidths. 

43 The scheme is capable of simultaneous transmission of 
conventional baseband signals using the same laser » fibre and 
detector . 

S3 As each channel is continuously available and independent of 
all other channels a variety of network architectures and access 
protocols are possible. There is no need for synchronisation 
between each channel and a high speed master network clock. 

Purpose of this workt 

SCM can be applied in a passive local area network where N 
users are Interconnected via a passive N X N star coupler such 
that each user can communicate with any other. Also SCM can be 
* local loop» in which a single shared fibre is used to 
service H customers via a passive optical coupler as shown 
infigC23. In the down ■ strean direction various services 

^ » data » vi deo3 can be provided on different subcarrier 

frequencies. In the upstrean direction^ Subcarrier modulation is 
by each customer usingdlfferent optical sources. In such 



applications involving multiple optical carriers mixing of" optical 
carriers takes place at the shared photodeteetor giving rise to 
inter ference noise. Tliis interference may limit the number of 
optical carriers or the transmission bandwidth carried by each 
source. 

The purpose of this work is to analyse the limitations caused 
by optical interference in systems having S Single mode lasers to 
N Multimode lasers. In a practical network* optical sources would 
have centre wavelengths distributed over a broad range of 
wavelengths. Another aim of this study is to analyse the effect of 
this on the channel capiacity. 



aoun.Ea 


t±gCl£>. A Bidirectional C^tical SCM system 
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Ll'tera'ture Survey: 

Darcle's paper *Subcarrler Multiplexing Tor Multiple Access 
Lightwave Networks* (llkindled the ‘interest in SCM optical 
Communication systems. This paper discussed about the application 
or SCM to Lightwave Multiple Access Networks. It was shown how 
available microwave and lightwave con^^onents can be used, in SCM 
to provide high capacity networks. It was shown that SCM provided 
a relatively simple nteans to multiplex while maintaining high 
receiver sensitivity which opened the possibility of 
interconnection of a large number of users. A Multiple Access 
Network was proposed that could support 10S4 users at a continuous 
bit rate of 1.5 MBitsxtiser. 

Olshanky & Lanziera- C1S87D C23 carried out a 60 channel FM 
video transmission edqderiment. The 60 channels spanned a band 
2.7-5. 2<^z. The composite signals were used to modulate directly a 
1.3pm Laser biased a 5mw. The signals were propagated over 18km of 
single mode fibre. A 58dB weighted SNR was obtained with 25S 
modulation depthy'channel and a corrcrsponding 16. 5dB CNR. 

In 133 it was shown that when multiple optical carriers were 
used in an SCM system, the mixing of optical field in the 
photodetector resulted in Interference noise which limited the 
maximum number of channel or the bandwidth of SCM. 
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Th« analysis present^ed ln[3] was axt«end«d Lo 'the case ot 
mul tl 1 ongl tudl nal mode lasers in [43. Also results of a 

statistical analysis to study random distribution of wa'velength of 
semiconductor laser was presented. 

[53 prcfsented a general model of optical beat interference 
COBID and its contribution to channel outage in a Vn>-SFT)MA 

Networks. The probability of channel outage due to C^I was 
determined from analysis and computer simulation for externally 
and directly modulated single mode lasers. 

Thesis Layout I 

Chapter S discusses about the general C©I problem. Power 

spectrum of interference noise when» two single mode lasers are 
intensity modulated are derived for both Gaussian as well as 
Lorentian spectras. This analysis is extended for 2 multimode as 
well as N number of multimode lasers. 

Chapter 3 deals with the effect of random wa'velength 

distribution of optical sources on channel capacity. Analytical 
expressions for probability of achieving a given SIR are got for 
simple cases of 2 single mode as well as 2 multimode Lasers. 
Simulation study for the case of N multimode lasers is also 
presented. 

Chapter 4 discusses about inferences and future scope of work. 
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CHAPTER 2 


OPTICAL BEAT INTERFERENCE 

Op'tlcal besit. In'terrerence CCfilD is caused when t^wo or more 
lasers -LransRdJL over 'the same optical channel and the combined 
signal is detected by the shared photodetector. Because of the 
square law nature of' photodetection process* generated 
photocurrent contains cross mixing terms or beating notes at the 
difference frequencies corresponding to each p>air of optical 
fields. The resulting noise is termed * Interference Noise*. In 
case some beat frequencies overlap a subcarrier channel* the 
signal to interference ratio CSIR^ is degraded. 

In this chapter* optical mixing of stationery uncorrelated 
sources is considered first. Next* the case of two single mode 
longitudinal lasers which are intensity modulated is dealt with. 
Derived results are extended for the more complex case of N number 
of multi longitudinal mode lasers. 
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The electric fields incident on the photodetector are assumed 
to have different optical frequencies and w. The electric 
fields expressed in terms of analytical signals and complex 
en vel op^es ar e 

ECtD = Re< ECt:» = Re< ECtD-e-^^V > C2. A. 13 

1 

ECO = Re< E Ct3> = Re< E C O . > Ca. A.23 

ft ft ft 

where E. are Real fieldst 
1 . 

^ & are Anal yti cal si gnal s » and 

#ii> 

E^*b are Complex Envelopes. 

Optical Intensity incident on the detector* 

ICO a < ECO + E CO 

1 ft 

= k < E*CO + E*CO + a. ECO. ECO > Ca. A. 33 

1ft 1ft 

Defining ICO = I'cOxIc, 

ICO = I CO + I CO + I CO Ca.A. A3 

4 S M 

where I. CO » E^CO i - l»a are the direct detection 

V V 

intensity con^xanents and 

I^CO = a. E^CO . E^C O is heterodyne mixing cross term. 


lO 



tig. 3 shows Iransducor proper'ty or Pho'todo'todor . 



Int.onsl'ty Photocurrent 

ICO h CO i^cTO = ICO «» h CO C2. A.B3 

D O 

fig 3. Transducer property of photodetector 

h^Ct:> is the detector impulse response [73. The travel time of 
each generated electron is finite* hence the function h^CtD must 
be time limited to some finite interval t . The bandwidth of 
photodetector is inversely related to t . Here the bandwidth of 

ri 

photodetector is assumed to have a cutoff frequency which is much 
lower than optical frequency. 

The heterodyne cross term can be expressed in the following 
way. 

I CO « a. E COE CO 

K AS 

r E CO + E*CO 

= a. -1 i— 

a 
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I CO 

M 


E COE CO + ee 1 


E Ct3E. Ct3 cc ' 

A a 

4 . 

£ 2 

a 


a 


where cc and ao' are complex conjugates of respective terms. 


« Re < E CtJE CO > + Re< E COE CO> 
£ 2 £ a 


~ Re C E Ct3E Ct^.e 4 2 > 

£ 2 

+ R« -e ECOE*Ct^.* > 

£ 2 


C2. A. ©::) 


where Av ss v - v 

£ 2 


C2. A. 73 


If i Ct3 is the photocurrent due to heterodyne cross term» 


I CO = h XO e ICO 

H e 


Av < Bandwidth of Photodetector < v + 

£ 2 


CB. A. 83 

Under the following assumption^ 

C2. A.83 

difference frequency term of Eq.CS. A. 63 is filtered through and 
the sum frequency term is filtered out. Hence* 

= R® < ECOE*CO.® Ca.A. 103 

X £ 2 

Autocorrelation of mixing term is* 


r. o ct,o = < i“ct, + T3i“(:t3 > 

1 XX 


C2. A. 113 


Using the relation* 


= -R®<AB> + iR®<AB*> 
a a 


RcrCA>R®<B> 


Ca. A. 133 


r,i> Cr,t:> « f Re< < ECt+T5E Ct+T3E Ct3E > 

i 2 12 12 

K 

+ - R*< < E Ct,+T3E*Ct.+T3E*Ct:>E,CO>®^”^*^**'‘^‘*^‘> 

a « a a % 

C2. A. 133 

Irt ca.a« E^C-t^E^Ct.^ la wlda aanaa at^atrlonary 'tha l^irat. -tarm dapanda 
only on t aacond t.arin on both t and t. Undar thaaa typa of 
nonstationary conditions the statistical ensemble average should 
be generalised to a combination of both ensemble and time 
averaging [93 which causes second term to vanish. 

Assuming E;^^t3 & independent • and hence using the 

property that the mean of product of random Independent processes 
is equal to the product of means. 

r,& Ct3 * - Re< <E Ct+T3E*Ct3><E Ct+TDE*Ct3>*e^^^ > 

i S A i S 2 

X 

C2. A. 143 


T|iw terms in the < >*s are auto correlation of complex envelop 

of 1 ncl dent el actr 1 c f i el ds i . e. » 

r.» Ct3 = - Ra< r_ CT3r *CT3aj*”^^'*’ > 

i 2 

* ^ Pi ^ iftnvr., A -j2frv t,.. 

= - Ra<C r_ CT3a'^ * 3 1 r_ CT.>a 2 3> 

2 A 

1 2 


= i Ra< r_ CT3r *Ct3 > 

2 EE 

1 2 

= it r_ CT3r *Ct 3 + eel C2.A.1S3 

Ir E E 

1 2 


13 



Fox.iy- :L Tv mi 


iC»<l f" J 

L 

X 






:jci i ■< -;c 

E 4 

2 


»:“* 

“E 


1 


<!■ 


Sg. 3e-f-3 
2 


CS. A. 133 


where « denotes correlation. 

In Eq. C2. A. 163 the second term is an inverted version of first 
term and henee» power sp>ectra is an even function of frequency. 
Eq. C2. A. 163 is rewritten as> 


S.i>Cf3 

1. 

X 


= -[ 

* 


S_ Cf3* S_ Cf3 3 + C S_ Cf3* 

B* Jb ib 


(t 


C2. A. 173 


’nils above procedure is applied for the case of signal spectra 
centred around different frequencies^ the photocurrent spectra got 
is two sided and centred around the difference frequencies. First 
and second term yield +ve & -ve halves of spectrum respectively. 

Fig A gives a relationship between power spectrum of 
photocurrent and power spectra of mixing optical Electric fields. 


Intuitive Interpretation of Llneshape correlations 

Even under the condition of mutual incoherence of two 
interfering beams > each of them can be considered to be made up of 
a number of quaasi monochromatic components having high degree of 
coherence. A beat signal is generated by a pair of such 
conqpionents. Superposition of such signals on an Intensity basis 
yields the output spectrum. 
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-Ai^ 


A S 


< lA ^ V > 

4. a 


Fig 4. RAlallonshlp power specbre at phobocurrent and 

power spectra of* mixing optical electric fields. 

The output photocurrent spectrum is given by Eq. C2. A. 172>. 

Sj^t.Cf3 = A S^CO* S^Cf:>3 + C Sg CfD* £^C03 

M i 2 2 4 

00 

- i f ts_ cf + s_ cf:> + s_ cf + %>:> s_ cojdv 

-00 4 2 2 4 

ca. A. leo 

IrfLerpr . 1,1119 *f* as l,h. sel,tlng of a narrowband lunabl. filler 
of speclrum analyser, Ihere will be conlribulions from all pairs 
of lines vdiioh are set, *t* apart, in Ihe Iwo signals, i.e. , for 
each value *i>* of oplical frequency Ihe coaqionenl E^^^al 
frequency *v + f* beals wllh component, of E^^^r especll vel y at, 
frequency *i,>* lo general. a conlribulion of slrenglh 


SjjCf + v5S^Cf>[Sg.Cf + v»3SgCf53 
**4 X ^4f “'X, 

superposillon of all combi nalions. 


The Inlegral represenls 
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Qp'ti cal Mixing of I ntensi tv Modul ailed Sources. 

In -this analysis transjnission degradation due to fibre is 
completely ignored. P^CO & 't-wo message signals 

intensity modulating two separate optical carriers with same 
polarisation states. The two signals are combined through a 
p>assive optical coupler and then detected by a Photodetector. The 
combined Electric field incident on the photodetector is 

eCO = ■A’ Ctis. ECO + vt CO. E CO C2.B.13 

4. A as 

P.CO = 1 + m.CtDCosanf.t C2-B.2D 

I. V V 

J 

where E^Ct5 represents Electric field of optical carrier and 
m^CtD represents the messages modulating the subcarriers with 
frequency f^. The photodetector current is proportional to low 
frequency comp>onent of square of modulus of electric field eCO 
ICO « < |eCO |S 

= P CO + P CO + < 2 -A COP CO . E COE CO> 

4 a 4. a 4 a 

C2. B. 3D 

< > represents low frequency part. 


16 



Electric fields intenaitiesi are normaliaed to unity. P^Ctl) 
and P CtD represent the modulated subcarrier signals occupying 
different frequency bands. The term in < > represents the mixing 

term and if it lies within the bandwidth of desired signals it 
acts as undesired Interference component. 

In the absence of any modulation a single longitudinal mode 
semiconductor laser's linewidth is very narrow C around lOMHzD. 
But» application of direct intensity modulation results in a lai^ge 
broadening of laser spectrumC around GHz3. In the analysis it is 
assumed that the message bandwidth is very small compared to 
linewidth of lasers. Under these conditions mixing term's current 
contribution can be written as» 

1 Ct> « < a. ECt5ECO> Ca.B. 41) 

M A 2 

Proceeding in the same manner as outlined in Section A, 
spiectrum of mixing term F»art of photocurrent 

S.sCO = -I ** Iff!) * -I S„ •* K-f:> ca. B.B5 

i. 4 E E 4 E E 

X AS A 3 

In the following section the two cases of line sfiectra for lasers 
i.e. » Lorentian and Gaussian are consldercKi. 
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Section Cl 


Effect of Laser power spectral shapes. 

DLorentian spectral 

Normalised Power spectral density for Lorentian spectra is 
gi ven by 1113, 

^f^ s C2.C. 15 


1 + 




where i> is central frequency and Al> is half power bandwidth. 


frotii Eq. CS. B. 55 

S.»Cf5 ~ S_ *• S_ 3Cf5 + ic S_ ** S_ 3C-f5 

i E E 4 E E 

X 4ft 4ft 


cs. c. 


= JlFt Tj, CT5.rg.*CT5 3 
A a 


Ft r_ CT5.r_ <t5 3 3 


Using the relations, E 83 


C2. C. 35 


-\r\ 


1 + Canf5 


C2. C. 45 


where ^ » denotes fourier transform pair. 

If gCT5 ^ » SCf5 then, 

gC aT5 1 - I ®C - 5 

4 |ai a 


C2. C. 55 


gCT5e'^®”^o‘*^ 1 GC f - f 5 

4 O 


C2.C. 55 
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2C n4v2> 


ca.c. 71) 


-1 


r„c t:> =. 
E 


- I rnAv I - j 2fiv>T 


1 + 


■finer - 

nAv 


- 


• .r^cr:>r^cr:> 

A S 


Fcr^CT^rgCTD] 

A 8 


-|TlnCAv+ Ai> !> -jfinrCv - vD 

^ 2 . ^ ^ i 2 


ainCAv -»Aw 
A a 


1 + 


ffifr - ei> - V 3'»l * 

— ^ 

I CAu - Ai> :>} 

u ^ . 4, a -'J 


nCAv> ^ 

4 2 


feff - cv - V :>>1 
— ^ 

I CAu - Ai> :>] 

L V. 4 a 


1 + 


Frr_CT3r*CT3 3 = _^. . x 


E E 
2 1 


nCAv -i-Av ^ 

A 2 


raff - cv - V 
— ^ 

( CAv^- Av^ 3 j 


1 + 


s.ftcr 3 * % x,-?-^x 


r 1 


A CnAj,>3 ' 


1 + 


■firr - Av'i'l* r®f^ 

[(-]} 


Cfi.C. 83 


Cfi. C. 03 


Cfi.C. 103 


Cfi.C.113 


1 


Cfi. C.lfi3 
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wh«r« resultilng liri*wid'th Ai> = Ai*^ + Av>^ 


& Su — ■ V * v> 

i. a 


Each at thase Individual components are Lorentian. centre 

Trectuencies or which are Cv -v !> & Ci> -i> ^ and the lihewidth 

4 s s 4 

remaining same equals CAv>^+ Av^5 . 

Suppose Bandwidth of" interest is *B* such that O < f < B 
then the total inter Terence power is got by integrating Eq. 
CS.C.lSy over appropriate interval. It is seen that the spectrum 
does not varymuch if *B‘ is very small compared to optical 

frequencies. In this case the power spsectrum is assumed to be 
constant over the choosen band and its value equals that at f=:0. 
Power spectrum of interference noise within the &p>ecifled band is 



C2. C. 


It is important to note that for the above cal cul ati ons » message 
is assumed to be in the baseband. To account for subcarrier 
frequency *f^*in Eq C2. C. 13!) is replaced by CSv - SUgnal 

to Interference ratio i.e. » SIR in dB is given by 


SIR = lOlog 


i<m*CO> 1 
FC <5v5B J 


C 2 . C. 14 :> 


A 2 

where -<m.C tZ>> represents the detected average message power. For 
calculations it is assumed to be equal to ^ Cfor modulation depth 
100%>. The denominator represents interference noise in the 
message bandwidth. 


2 !) Gaussian Line spectra: 

Normalised Power spectral density for Gaussian spectra is 
gi ven by C 1 1 3 » 




S y^lnS f 2 / ln2 

~ Av y n Ai^ y/ I 


. 2 -, 


Ct - 


C2.C. 15:) 


Sine*, •xpC-nT*^ *>qpC-nf*5 




F s„ ct:)> 


= exp 


[-[i/s-n- 


*xp CJSnTV^^ 


C2. C. 16:> 


From Eq. C2. C. 2!), 


SnCf!) = « S„ 3Cf3 + -E t* JC-fD 

i ^ E E <4 E E 

K 4 tt 4 ft 


= -EFE r_ CT:>.r *ctj 3 + fe r_CT>.r *ct:) 3 3 C2.c. i 7 .> 

4 E E EE 

4 2 £ 4 


2L 



If I Tjg. CTiJ-Tg Ct 5 ] 

4 a 


a/ 


lr >2 


■/ ntCAv5 + CAv * 3 


l»Xp 


.r f 

I t/ n C C Av^ !?■ -*■ C Ai> ? 3 J 


[F[ Tg CTi.Tg Ct:> 3 


2 -/ ln 2 


-/ nCCAv :? + CAi> )®- 3 
1 Z 


»Xp 


-„[ aV^ ~ 1* 

I t/ nCCAv !? -•“ CAi-» ?“ 3 J 

L 4 a -> 


C 2 . C .103 


DErrining Av ^ t/ C Axj>^ !> * + C D * 
4. = V - v> 

4 ft 


C2. c. ao:> 


Mixing 'term of photroeurrent/*s spec-trum is» 
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For get,t^lng 'the p>ower spectrum af interference noise within the 
specified band Csay baseband^ same approximations as applied in 
case of Lorentian sp>ectra are used. The power spectrum of 


interference noise is. 
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33 Case s-tudv Single 1 onoi tudi nal mode lasers. 

FigC53 shows how 'the SIR varies for various spectral widths* as 
the difference frequency changes. Receiver Bandwid'th is assumed to 
be 5MHz. 

13 At low frequency differences SIR is "very small which is due 
to noise sp>ectrum cent.i-ing essentially over the baseband. As the 
difference frequency increases* the interference power sectrum 
shifts towards higher frequencies and hence noise power in the 
receiver Bandwidth is reduced. 

a3 Due to sharper roll off nature of Gaussian spectra* 
reduction of noise as difference frequency is increased is much 
more as conqpared to Lorentian spectra. Hence SIR increases more 
rapidly in case of Gaussian sp>ectra. 

33 Increase of linewidth causes rcKluction in SIR. This is due 
to spreading of noise and hence Increase of total noise in the 
Recei ver Bandwi dt h . 
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Section D: 


Mul tl 1 onai tudi nal Mode Lasers 

Lasers always tend to oscillate on many modes. This Is due to 
the fact that the mode separation Is usually much smaller than the 
gain profile. 

Multi modes can occur for homogeneous as well as inhomogeneous 
lines. For a homogeneous line> occurrrence is due to holes burned 
in the Spatial distribution of Inversion within the active 
mater ialC^atial Hole burning^. For an inhomogeneous line. 
Multimode oscillation is due to both ^atial hole burning and 
Frequency hole burning Choles burned in the gain curveD 1103 

In this analysis it is assumed that the modes oscillate 
independently without appreciable degree of phase 
locking. [113 Multimode lasers are modelled as a sum of individual 
longitudinal modes sepuirated from each other by fixed wavelength. 
S^pectral shapies of each are of same typ^e and the phases are 
assumed to be uncorrelated. Mixing of all px^ssible combinations is 
taken into account for the calculation of noise. 

Case study: Mul ti mode lasers 

FigC6I> shows the variation of SIR as a function of difference 
frequency of optical sources. The Multimode Laser has 3 modes each 
of linewidth lO^Z. Envel^fX; of Mode Power spiectra is assumed to 
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be Gaussian with half power width of 5nm. From the graph following 
salient features are noted. 

ID As the sep>aratlon is increased SIR increases at first and 
then decrees, es at Intervals equalling the mode separation. This 
is due to identical wavelength of some modes and hence the 
resulting beating causing maximum noise contribution. 

2D Comp>ared to Single mode laser case* SIR is higher in this 
case. This is due to the assumption that longitudinal modes are 
uncorrelated and hence the noise contributions for different modes 
adding on a power basis. 

Section Et 

Mul ti d 1 e Optical Sources : • 

Lasers with Identical wavelength: 

Assuming there are N optical carriers present Chi > 2D; there 
2 

a.r«p CM inarms r^pr^fi^n'ting th4t mixing of* a.11 

p»ossible combi natri ons . In 'the worst case of all the sourc€^ being 
identical Csame spectra t same X & same power D 

r N* - NT 

SIR = SIR|^^ ^ - lOlog 

M 'df=0 ^ 
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Lasers with different wavelengths: 

It is more realistic to assume different opjerating wavelength 
of Lasers. Under this case the noise contribution will be less 
than that for the identical wavelength case hence SIR Improves. 
Considering simplest case of ‘N* single longitudinal mode Lasers 
separated by fixed wavelengths and assuming that the interference 
is the result of mixing of only adjacent carriers, there are only 
N - 1 interference terms and hence 

SIR * SIRU^ - iOlogCN -i:> C2. E. 25 

H €71 
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CHAPTER 3 


RANDOM NATURE OF WAVELENGTHS OF LASERS 

In the system performance evaluation of lightwave networks itis 
more reasonable to assume that the centre wavelengths of 
semiconductor lasers are randomly distributed over a range of 
wavelengths. Uncertainty of wavelengths arises due to following 
factors 

ID Different lasers have different char ac ter istlcs» and the 
typ>e of laser being used at the transKdtter end may not be known. 

2D Even If type of the transmitting laser is known, 
wavelength can be uncertain due to tempierature variations and 
short term and long term changes in the laser characteristics. 

In case of systems, in which all the lasers are designed to 
operate at a particular wavelength the centre wavelength may be 
distributed within a range Therefore, for given channel 
bandwidth, and N randomly chosen sources, the system may not 
achieve a desired signal to interference noise ratio CSIRD. 

There are two approaches for evaluating system performance. 
Section A discusses about the analytical approach wherein, the 
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probability density function of interference noise and 

probability of achieving a specific SIR are derived. Section B 
discusses about the numerical simulation approach, where the 
performance is evaluated by repeated trial. 

Stectlon At 

Analytical Approach 

13 Two Single Mode Lasers: 

Optical centre frequency of each user's laser is assumed to be 
uniformly distributed over an optical channel of bandwidth ’D*. 
The of Optical centre frequency 


p^Cf3 = 



t - 

Ci , 3 


< r < 


t + 

o. / c 


C3. A. 


r uMAn or dist/ribu'tion of* rr«qu«tni«pfii or 'Lh«F 

o . 

A 

t^wo riolds St - r - r . Making us« or 

A 2 

independence or r^and PDF or dirrerence rrequency <5r is given 

by Ci23. 


A ft 

f yo - ^ ^ ° 

‘ {yD * ‘Vt? **■ ' ° 
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aDLorent.lan spectra: 

The lasers are assumed to have lorentian spectral shape. From 
the results derived earlier In Chapters power spectrum of 
interference noise. 


FCifiS 


S 


CnAf5 


1 + 



C3. A. 3:> 


where Af is the spectral width of noise sp^ectrum which equals 
sum of spiectral widths of two sources l.e. ,Af = Af^+Af^ and <5f 
is the optical frequency difference of two sources. 

For the calculation of PCff" of interference noise ^s power 
spectrum, fundamental theorm is used. [PAPOULIS] In the 

intermediate stage, Eq. F = (3C6fZ> is solved to find the real 
roots «5f^*s for a specific value of F. Thus, 

C3. A. a:> 

C3. A. 55 
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IGCAf ^5 1 
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dAno'ting k 
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‘ [C J 


and k j 
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I i + Ck 60 * 3 * 
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C3. A. 63 


Using C3. A. 63, C3. A.23 in C3.A.S3 

V'd - •=P^D* yr> * 'Vrf 
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Using rslftiL'tionfi F = 


snd 6f - ^ 




k - F3 
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ft A 


p CF3 


. . ±_] 

I k*Dj lpyFCk^-F3 f“d J 


C 3 . A. S 3 


32 



Calculation of Probability of Signal to Interference Noise Ratio: 

SIR expression is given by 


I C3. A. o:i 

FC6f:>B J 


where B is bandwidth of message and FC<5fZ) is power spectrum of 
interference noise. Assuming i00% modulation depth, 

SIR = lO log j ^ I CS. A. lOD 

[ FC6f:>B J 

For calculation of p CSIR2> the fundamental theorm is used. 

aiR 

i.e. , if SIR = HCF^5 where F^ is a real root then. 


p csir:> 

SIR 


P CF 5 

F i. 

I HCP^ I 


C3. A. li:> 


where 


F - 
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lO 


-SIR/40 


2. B 


Ih'cf D I 


10 log e 
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C3. A. 12^ 


C3. A. 13^ 
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b. Gau&i&ilan spectra: 

The lasers are assumed to have Gaussian fsower sp»ectra. The 
power spectra at interference noise is given by» 

13.33 r pa.O 

FCdf:> = 7=! “ ' C3. A. leD 

8Af/n [ [l.a AfJ J 

_ ;; 

where spectral width of noise spectrum Af = T CAf^5 ♦ CAf^5 
Af.are spectral width of each of sources, and <5f is the optical 
frequency difference of two sources. 
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To rind* for a specific F* equation F = GCdfD 


F = GC6f !> = GC<5f D where the real roots are given 
A a ^ 


6f * ± 

4 < a> 


=. /-(;= 1 


From fundamental theorm* 




p^CF3 - ^ 


\<SCSt 5 

' 4 


\Gcst^:> I 


GCdf!) = k e a - -k . a6f 

4 a 


= -w..sr. /'^) 


Using Eq. C3. A. 23 in C3.A. 183 
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Is solved. 


by. 
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Using Eq.CS. A. 10:5 & C3. A. 17:> in C3. A. 30!) and sine® <5f = -St 

4 a 
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Calcula'tlon of Probability of Signal to Interference Noise Ratio: 
SIR expression assuming 100^ modulation depth is given by 


SIR = 10 log 


1 

2 

FCdOB 


1 


C3. A. 225 


where B is bandwidth of message and FC<5f5 is p>ower spectrum of 
Interference noise. 

For calculation of p CSTR5 fundamental theorm is used. i . e. » 

eia 

if SIR = HCF 5 where F is a real root then, 

4 4 


p CS1R5 
*^si* 


p CF 5 
*^p 4 

HCF 5 
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^ ^-SIRy'iO 
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where F ■ 
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1 0 1 og & 

Ih'ci. j I = ^ 

* 


Using Eq. C3. A. aiD & C3. A. » 


_1 

K Ea? 

2 

p csir:> = 

SIR 

lO logCeZ) 
F 



Ths achlevsblllty is calculated 
Spectra. 
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C3. A.as^ 



can be written as 




C3. A. a6:> 


as in the .case of lorentian 



2. Case of 2 Mul ii mode lasers, individual modes Loreniian and 
e nvel ope t-»aussi an: 

Here t-he ease two Multimode Latiors each having 3 Modes, the 
centre frequency of the laser being uniformly distributed over a 
band of is considered. For each Laser, mode separation is 

gl ven by ‘ L * . 

The amplitude levels of the modes of 2 lasers are A A 
A^. Computation for power spectrum of interference noise is done 
taking into account all the combinations. Suppose F_0 represents 
contribution due to mixing of electric fields of similar modes 
Ci.e. , model of laser 1 with model of laser 2 etc.,^, then 

k 

F_0 = a_0 X C3. A. 275 

Cl + k®i5f *3 
a 

where <5f is separation frequency of lasers and 

A EA. -A. 

a_0 i i 1 C3. A. 285 

E A E ^ 

l. L 
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Suppose F_L represents contribution due to mode pairs of 1*2 & 
2»3; C where the first and second numbers are the modes of laser 1 
and laser 2 respect! vely3 » then 


k 

F_L - a_L X i C3. A. 2SD 

[1 + k^Cdf+Ur 3 
8 

A A + A A 

where aJL. = -i-2 1 C3. A. 30:> 

E A. . E A. 

“* V ” I 


Similarly F_ML which is contribution due to the modepairs of 

2*1 and 3*2 is given by* 

k 

F_ML = a_L X C3. A. 313 

Cl + k®C6f-L3®3 
2 


F_2L which is due to mode pair 1»3 is given by> 


k 

F_2L = aj3L X 1 C3. A. 323 

Cl + k®C6f+2L3“3 


A A 

wher e a 2L. — — C 3 . A . 333 

E A E A 

V 1. 
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Similarly F_M2L which ia due to mode pair 3,1 ia given by 


F M3I. a 3L X 


El + k*C6f-aLD®] 


C3. A. 34:> 


The power spectrum of total interference noise is given by 


F = F_0 + F_L + F_ML + F_aL + F_MaL 


C3. A. 35::> 


For the calculation of PDF of interference noise’s 


power sp>ectrum» p^CFD fundamental theorm is used. 
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= SC<5f^ 


Taking derivative wrt 6f , 
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Fr om Eq. C3. A. ;a3:> & £3. A. aB:>, probability of specific SIR, 


p CSIRD 
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p CF3 
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'1 0 1 og *' 
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Procediir-e for getting achievabllityt 

p^^^CSIRD is calculated choosing different sample values of 
difference frequencies. Then from the points got, Lagrange 
interpolation is done to get the curve. Integration is done to get 
the area such that SIR exceeds a specific choosen SIR. 
Achlevability is given by. 


Achivability = 


Area s.t. , SIR > SIR_specifie 
Total area a i 


C3. A.Ai:> 
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Sttction Bt 


SIMULATION APPROACH. 

In this approach, probability of interference noise and hence 
probability of achieving a given signal to noise ratio are 
determined by numerical simulations. 


ID Single Mode Lasers! 

The centre fr€<iuencies of the tvw> Lasers are assumed to be 
distributed uniformly over a band of *D*. The power sjseetrum shape 
may be Lorentian or Gaussian. 


Random numbers corresponding to the centre frequencies of 
lasers are generated and difference frequency and hence SIR is 
got. This experiment is repeated a large no. , of times. For 
getting achi evabi 1 i ty of a specific SIR, following formula is 
used. 


A 

Achi evabi 1 i ty = — 


of trials SIR S SIR_speeific 


Total no. , of trials 


C3. B. ID 


2D Two Multimode Lasers: 

Here the case of 2 multimode lasers each having 3 modes, centre 
frequency of each laser being uniformly distributed over the 
specified band is considered. A uniform distribution random number 
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gendrat-or is used t-o ge't 'the number corresponding to centre 
freguencies of lasers. As outlined in section A. 2 power spectrum 
of interference noise is got and hence SIR is calculated. A large 
number of trials are taken, at each trial SIR is calculated. 
Achi evabi 1 i ty is obtained by using the Eq. C3. B. 13. 

33 N nuiidl>er of Multimode Laserst 

In this subsection the problem of e'valuating system performance 
when N multimode lasers are simultaneously transmitting is 
discussed. The centre frequency of each laser is assumed to be 
uniformly distributed over a band of ‘D*. Each laser is assumed to 
have 3 modes the levels of which are 0.75, 1 & 0.75. As in the 

2 laser cases a pseudorandom mimbei* generator is employed to get 
the centre frequencies of each laser. At each step the SIR is 
evaluated. Rq. C3. B. 13 is used to get the - achi evabi lity of a 
choosen SIR. Above set of experiments are repeated for different 
laser numbers. 

Number of modes of the laser affects considerably the optical 
Interference noise as stated in chaf>2 sec D. To study the effect 
of this on SIR, it is varied and SI R_achl evabi e i.e. , SIR_a is 
computed. 
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Since the linewidth of longitudinal modes effectively 
determines the bandwidth of interference spectrum, linewidth is 
varied to study its effect on SIR_a. 

Section Cl 

Resul t and Pi scussi ons i 

Fig. 7 & & show the eomparitlve curves for the results from 
analytical approach and simulation for the case of single mode 
Lorentlan and Gaussian spectra respectively. Fig. d shows the same 
curves for the 2 multimode lasers each having 3modes. It is seen 
that higher is the SIR lower is the achievability. In all the 
three graphs the curves obtained from analytical approach and 
simulation are almost similar. 

Fig. iO shows the achievability vs SIR_a in 5MHz bandwidth with 
number of lasers as parametre. It is seen that as the number of 
laser increases achievability curve shifts to the left indicating 
lesser SIR_a. This is due to the increase of noise as the laser 
number i ncr eases . 

FlgC115 shows the variation of SIR_a as the number of 
longitudinal modes varies. The increasing behaviour of S3[R_a can 
be attribute^d to the fact that the modes contribute to the total 
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interferencs- noise on & power basis, since the mode fields are 
assumed bo be uncor related. 

Fig.CiaD shows the variation of SER^a as the linewidth of the 
individual modes change. As the linewidth Increases, the same 
power gets distributed over a larger band, and hence a reduction 
of Interference noise within the band occurs. Hence as the 
linewidth increases SIR a increases. 


A5 
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SIMULATION AND ANALYTICAL APPROACH COMPARISON 
MONOMODE LORENTIAN SPECTRA 
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SIMULATION AND ANALYTICAL APPROACH COMPARISON 
MONOMODE GAUSSIAN SPECTRA 
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SIMULATION AND ANALYTICAL APPROACH COMPARISON 

3MODE LASERS 

Fig. O 
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SIR_atdB) 

ACHIEVABILITY VS SIR_a WITH NUMBER OF LASERS 

AS PARAMETRE 
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CHAPTER 4 


CONCLUSION AND SCOPE FOR FUTURE WORK 

It was noted that the interference noise liniits the maximum 
number of channels or the bandwidth of the SCM system. Results of 
statistical analysis point out that by using Lasers having largei- 
number of longitudinal modes or larger linewidth Laser better 
P**' can be got. Also by selecting lasers carefully so 
that their wavelengths are different, interference noise effect 
can be minimised. 

While deriving formulas for power spectrum of Interference 
noise in Chapter 2, it is assumed that the message bandwidth is 
negligible compared to the optical source linewidth. Evaluation of 
power spectrum of interference noise, when message bandwidth is 
comparable to optical source linewidth will be an interesting 
problem to be tackled. 

It was observed that the analytical approach and simulation 
results tallied almost exactly for the case of 2 single mode 
lasers for both Lorentian and Gaussian spectral shaped and also 2 
multimode lasers. It was assumed that the lasers are intensity 
modulated. There is need for similar analytical approach to be 
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<lAV*lc>p«Fd t-o «valua'tA ■th* p«rforinftr>cos of sys'tems wit-h N 

single mode end N mul 'Ll mode lasers. At< presen't» t/helr performances 
can be studied only by simulations. It will be interesting to 
attempt the analyses in those cases which are more complicated. It 
will be of Interest to know the applicability of analytical 
approach to the more complicated methods of modulation. 
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